In November 2010, the azimuthally symmetric WASA detector and the polarized proton beam of COSY, have been used to collect a high statistics sample of pp → ppη reactions in order to determine the analyzing power as a function of the invariant mass spectra of the two particle subsystems. Here, we show studies of the influence of the beam and target characteristics such as location and direction on the determination of the polarization.
Introduction
In the last decade a vast set of unpolarized cross sections has been determined for the η production in the collision of nucleons [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, the understanding of the production mechanism of this meson still requires the determination of spin observables. Up to now there are only three measurements of the analyzing power for the pp → ppη reaction which have been performed with low statistics and the determined value of the analyzing power is essentially consistent with zero [13] [14] [15] within large error bars of about ±0. 15 . WASA detector installed at the Cooler Synchrotron COSY gives a possibility to measure the analyzing power with high statistics and high acceptance. Therefore, in November 2010 we have conducted an exclusive measurement of the pp → ppη reaction using the polarized proton beam of the COSY synchrotron and the WASA detector [16] . The measurement was performed for two beam momenta corresponding to 15 MeV and 72 MeV excess energies. The choice of these values of excess energies was dictated by the availability of the data for the spin averaged cross sections obtained previously at COSY-11 [2] , TOF [1] and WASA/CELSIUS [3] experiments.
For the purpose of the monitoring of the degree of polarization, concurrently to the pp → ppη reaction, a proton-proton elastic scattering reactions have been measured. In this contribution we present an estimation of systematic uncertainties of the determination of the degree of polarization of the COSY beam based on the elastically scattered protons measured by means of the WASA detector setup.
Polarization
The polarization is extracted using the following formula:
were θ is the scattering angle of the forward going proton calculated in the centre of mass frame, φ is its azimuthal angle, N denotes the number of events and A y (θ) is the analyzing power of the pp → pp reaction which was extracted from the results of the EDDA collaboration [17] . The asymmetry, (θ, φ), is defined as
and, according to Eq. 1, it can be written as
where p 0 = P (θ) · A y (θ). Polarization is, therefore, extracted by fitting of the function given by Eq. 3 to (θ, φ) distributions as shown in Fig. 1 . The asymmetry is calculated separately for each spin orientation of the polarized protons in four ranges of protons' scattering angle starting from 30 • up to 46 • in steps of 4 • . As a result, four polarizations are extracted for four ranges of the center-of-mass polar angle of the forward scattered proton, θ CM s . The final polarization for a given spin is then calculated as a weighted mean
where θ i is the scattering angle of the forward going proton, calculated in the centre of mass system. 
Position of the vertex
The probable source of the systematic uncertainty in the determination of the polarization might be wrong number of events in the individual θ CM s ranges, originating from the possible misalignment of the beam and/or target position.
The reconstruction of tracks of particles registered in the Mini Drift Chamber is free of any assumption of the position of the reaction vertex. In this respect, obtained angular information can be assumed to reflect the actual situation of particles going through the Mini Drift Chamber. However, reconstruction of tracks of particles going in the forward direction, is based on the assumption that the interaction point is located at (x v , y v , z v ) = (0, 0, 0). This may contribute to a systematic uncertainty of the polarization. To determine the size of this contribution, studies on the position of the interaction point have been performed. Fig. 2 (Left) depicts trajectories of two protons p 1 and p 2 projected onto the (x, y) plane.
The p 2 proton corresponds to the proton registered in the Mini Drift Chamber. Its reconstructed azimuthal angle, φ 2 , is therefore obtained inde- pendently of the position of the reaction vertex, always reflecting the 'true' value of the emission angle (φ 2 = φ 2 ). The p 1 proton is going in the forward direction and it intersects the first plane of the Forward Trigger Hodoscope (FTH) at a radius of
where Z F T H is the distance from the vertex to the Forward Trigger Hodoscope. The reconstruction of the path of the p 1 proton is based on the assumption that the interaction point is located at (x v , y v , z v ) = (0, 0, 0). Therefore, the reconstructed azimuthal angle φ 1 , differs from the real one φ 1 . This disagreement causes deviation from the coplanarity corresponding to φ 2 − φ With the use of the introduced d and φ d variables, the x v and y v coordinates of the reaction vertex became two parameters in the following formula:
Thus, x v and y v can be extracted by fit of the above function to the d(φ d ) distribution as shown on the right side of Fig. 2 for two cases of a vertex location at (x v , y v , z v ) = (0, 0, 0) (upper plot) and at (x v , y v , z v ) = (5, 0, 0) mm (lower plot). Fig. 3 (Left) depicts the angular dependencies between the two protons p 1 and p 2 , used to determine the z v coordinate of the reaction vertex. On the picture, the reaction vertex is placed on the z-axis at the position of z v > 0.
The trajectory of proton p 2 , reconstructed in the planes of the Mini Drift Chamber, is traced back to the actual reaction vertex whereas the track of the forward going proton, p 1 , is assumed to origin from the (0, 0, 0) point. Therefore, the scattering angle θ 1 of the forward going proton deviates from the real value, θ 1 . The relation between the true and reconstructed values of the scattering angle of the forward going proton can be written as
Additionally, in an elastic collision the kinematic relation between scattering angles must be satisfied, where m p stands for the proton mass and T is the kinetic energy of the proton beam. Solving equations 7 and 8 for tan(θ 2 ) results in
Thus, the z v coordinate can be extracted by fitting the θ 2 (θ 1 ) distribution. This is shown on the right side of Fig. 3 for two cases of vertex location, at (x v , y v , z v ) = (0, 0, 0) (upper plot) and at (x v , y v , z v ) = (5, 0, 0) mm (lower plot). A set of simulations of elastic pp scattering have been made with different locations of the vertex where only one of the vertex coordinates was changed at once, leaving the others at zero. The accuracy of the method used to extract the vertex position [18] is shown in Fig. 4 .
In the first row, the plots corresponding to the change in the x-coordinate (x set ) of the vertex are shown. In the second row the y-coordinate (y set ) was changed and in the third row the z-coordinate (z set ). All plots are distributions of the extracted (fit) value of the given coordinate as a function of the true value (set) of the coordinate being changed. Therefore, points on plots placed diagonally should be arranged along f it(set) = set line while other distributions should show f it(set) = 0 behavior.
The fits of the first order polynomial to the points on plots placed diagonally (red lines) show that in all cases, the extracted values deviate slightly from the set ones (up to 14% in case of the y f it (y set )). This need to be taken into account while extracting the vertex position in experimental data. We can also notice, that if the change in a given coordinate is not bigger than about 0.5 cm, the extraction of the other coordinates is accurate.
To determine how the wrong assumption about the vertex position affects the polarization, the polarization was calculated individually for each data sample, simulated with a change in the position of a certain coordinate. Then, each of the simulated data samples was analyzed with the default assumption that the particle going forward origins from the (x v , y v , z v ) = (0, 0, 0) point 1 .
The result is presented on the left panel of Fig. 5 which shows the determined polarization for different vertex locations. While the change of the y v or z v coordinate does not have influence on the result, a certain sensitivity of polarization is seen in case of changing the x v coordinate of the interaction point. Namely, the calculated value of the polarization changes linearly with the shift of the vertex along the x−axis. The influence of moving the interaction point along the x−axis on the polarization depends on the scattering angle of the forward going proton, θ CM s . The right panel of Fig. 5 shows the distribution of the polarization as a function of the scattering angle of the forward going proton calculated in the centre of mass system, θ CM s , made for different vertex positions (xcoordinate of the vertex was varied). It is seen, that for θ CM s > 38 • , the polarization strongly deviates from the expected value when changing the x v coordinate by more than 5 mm. Therefore, since the polarization for higher angles is biased by the systematics, we should restrict the used θ CM s angle to less than 38 • . On the other hand, the observed dependency, if seen in experimental data, would be a clear sign of the wrong assumption of the x−position of the interaction point. It is important to notice, that based on the results shown in Fig. 6 (left) the vertex position must be controlled with the accuracy better than 1 mm in order to achieve uncertainties of the polarization determination of about 0.03. . In this case a result is similar as shown in Fig. 5 . It shows that in order to control polarization determination with the precision of about 0.03 we need to control the determination of the x-coordinate of the vertex with the precision of about 1 mm. Comparison of black circles and red triangles indicates that this conclusion is independent of the 'true' position of the vertex, at least within the range of 5mm. It might be noticed as well that data, generated with y v or z v set to 5 mm and corrected to different x acceptance vertex , do not influence the polarization significantly.
Another way to control the location of the vertex position in the exper-iment is to monitor the coplanarity, C, defined as
where p 1 and p 2 correspond to two scattered protons and p beam is the vector of the beam. The coplanarity dependence on the protons' azimuthal angle shows sinusoidal behavior for a misallocated vertex. This is shown on the right side of 
Tilt of the beam
The maximum allowed range of tilts of the beam at WASA-at-COSY is between −0.05 mrad and 0.05 mrad (symmetrically around the z−axis) [19] . To determine how the tilt of the beam affects the polarization, the beam was leaned in the yz-plane or xz-plane at different α x and α y angles respectively. In Fig. 7 , the polarization as a function of the α angle for both types of studied beam tilts is shown. There are no effects observed in the studied range of the α angle (α ∈ [−0.5, 0.5] mrad) except that the polarization slightly differs from zero (up to 0.01).
Summary
Methods to monitor the location of the vertex have been demonstrated and it was shown how a misallocation of the vertex impacts the obtained value for the polarization. The study concluded that to have systematic uncertainty of the polarization smaller than 0.03, we need to control the position of the interaction point with a precision better than 1 mm. In this article we presented three methods for the determination of the vertex position: (i) based on the d(φ) distribution, (ii) coplanarity distribution, (iii) polarization as a function of θ CM s . Due to the large statistics of collected data, and the usage of the listed methods, the vertex position will be determined with a precision much better than 1 mm. Due to the high sensitivity of the result to the scattering angle it is better to calculate the polarization taking into account only scattering angles not bigger than θ CM s = 38 • . The studied range is by factor of ten larger than the range of the possible tilt allowed by the COSY optics [19] .
It was also presented that the beam, tilted within the maximum allowed range should have no significant influence on the obtained degree values for the polarization.
